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Scanning tunneling spectroscopy (STS) and angle-resolved photoemission spectroscopy (ARPES)
have been investigated on single crystal samples of KFe2As2. A van Hove singularity (vHs) has been
directly observed just a few meV below the Fermi level (EF) of superconducting KFe2As2, which
locates in the middle of the principle axes of the first Brillouin zone. The majority of the density-of-
states at EF, mainly contributed by the proximity effect of the saddle point to EF, is non-gapped
in the superconducting state. Our observation of nodal behavior of the momentum area close to the
vHs points, while providing consistent explanations to many exotic behaviours previously observed
in this material, suggests Cooper pairing induced by a strong coupling mechanism.
PACS numbers: 74.20.Rp, 74.55.+v, 79.60.-i, 74.70.Xa
I. INTRODUCTION
A two-dimensional saddle point in the electronic
band dispersion of a material causes a divergence in
the density-of-states (DOS) called van Hove singular-
ity (vHs). Electronic properties are usually expected
to vary drastically as a vHs approaches the Fermi level
(EF). Enhancement of superconductivity due to a low-
energy vHs is well understood for conventional BCS su-
perconductors since the transition temperature (T c) is
positively correlated to the electronic DOS at EF in
the case of weakly attractive electron-phonon interac-
tions. However, the impact of a vHs in the uncon-
ventional superconductors is much more complex and
not well understood. Theoretically, the presence of a
vHs1 near EF can play an important role in controlling
the interplay between superconductivity, spin-density-
wave and charge-density-wave, and in inducing exotic
chiral superconductivity such as time-reversal symmetry
breaking pairing. Such a theoretical approach has been
applied to cuprates2, doped graphene3 and BiS2-based
superconductors4,5. Experimentally, an extended saddle
point has been observed in cuprates by angle-resolved
photoemission spectroscopy6. However, a divergent vHs
in DOS, measured by scanning tunneling spectroscopy,
is absent in many cuprates, except on some surface areas
of highly overdoped Bi2Sr2CuO6+δ (Bi2201), where the
superconducting (SC) pairing vanishes7. A STS study
on twisted graphene layers found a vHs in the vicinity of
EF
8, prompting the theoretical prediction of chiral su-
perconductivity in this system3.
KFe2As2 is a stoichiometric end-member of the hole-
doped Ba1−xKxFe2As2 family. While its supercon-
ducting transition temperature is low (T c ≈ 3.6 K),
its pairing symmetry is argued to differ from the s±-
wave predicted and observed in many pnictides9–13
due to the existence of gap node(s) reported in ther-
mal conductivity14,15, penetration depth16, and nuclear
quadrupole resonance17. Its superconducting phase may
even experience a change of pairing symmetry under pres-
sure as its T c-P curve has a minimum at about 1.75
GPa18. This material exhibits many other unusual prop-
erties, including a large normal state Sommerfeld coef-
ficient (γn ≈ 100 mJ/mol-K2)19, a high sensitivity to
nonmagnetic impurities (T c is suppressed to zero with
4% Co impurity)20, and a huge residual resistivity ratio
(RRR) (up to 2000)20, possibly indicating a different su-
perconducting mechanism. In this work, we report high-
resolution STS and ARPES studies of the iron-based su-
perconductor KFe2As2. We found a vHs just a few meV
below EF, which locates in the middle of the principle
axes of the first Brillouin zone. The DOS at EF mainly
comes from the vHs while it is non-gapped in the super-
conducting state. The nodal vHs points provide consis-
tent explanations to many exotic behaviours previously
observed in this material and suggests Cooper pairing
induced by a strong coupling mechanism.
II. EXPERIMENTS
The single crystals of KFe2As2 were synthesized by
using the self-flux method21. The starting materials K
pieces, Fe powders and As grains (purity 99.9%, Alfa
2Aesar) were carefully weighed in an atomic ratio of
K:Fe:As=3:2:4 and put into an alumina crucible. Then
the crucible was sealed in a tantalum container under
1 atm of argon gas. The proper use of tantalum tube
successfully avoids the serious corrosion induced by the
potassium vapour. By sealing the container in an evacu-
ated quartz tube, the chemicals were subsequently heated
up to 1050◦C and held for 3 hours. Then the furnace was
cooled down to 900◦C at a rate of 3◦C/h and at 5◦C/h
from 900◦C to 600◦C. Then the sample was cooled down
to room temperature by shutting off the power of the
furnace. The samples are obtained after removing the
leftover KAs flux on the surface of the crystals. Our
samples are rather stable in air and look black and shiny.
The scanning tunneling microscopy (STM) and STS
were measured in ultrahigh vacuum, low temperature
and high magnetic field scanning probe microscope USM-
1300 (Unisoku Co., Ltd.). The samples were cleaved at
room-temperature with a base pressure about 1×10−10
torr, then immediately inserted into the microscope head,
which was kept at a low temperature. Etched tungsten
tips were used in all STM/STS measurements. The tips
were treated by in-situ e-beam sputtering and calibrated
on a single crystalline Au(100) surface. A lock-in tech-
nique with an ac modulation of 0.3 mV at 987.5 Hz was
used to lower down the noise of the differential conduc-
tance spectra.
The ARPES measurements were performed at Beam-
line I05 of Diamond Light Source using a VG-Scienta
R4000 electron analyser. The energy and momentum res-
olutions have been set at 8 meV and 0.2◦, respectively.
The samples were cleaved in situ and measured at about
7 K in a working vacuum better than 1×10−10 torr. The
Fermi level EF of the samples was determined from the
crossing of metallic bands in the normal state.
III. RESULTS
In Fig. 1(a), we present the temperature dependence
of the electrical resistivity of KFe2As2. The RRR of the
KFe2As2 single crystal reaches about 1389, which is very
high and suggests good sample quality. Figure 1(b) shows
the atomic image of STM after cleaving. Interestingly,
the cleaved surface exhibits a square lattice with a con-
stant of about 5.2 A˚. Further analysis indicates that the
K atoms reconstruct in an ordered
√
2×√2 structure of
the K atoms in the bulk, maintaining a charge-neutral
surface which is very important to measure the proper
tunneling curves in the iron-based superconductors22. In
Fig. 1(d), we give a schematic structure of the K atoms
at the top layer and the Fe atoms beneath the surface.
In some places, we observe some dark void-like defects
(not shown here and will be presented separately) which
are likely due to Fe vacancies in the layer beneath the
surface, as suggested by the STM mapping of the central
position of these voids.
Figure 1(c) displays a set of tunneling spectra mea-
FIG. 1: (color online) (a) Temperature dependence of resistiv-
ity. The inset shows the enlarged view in the low-temperature
region of the same data. (b) Topographic STM image (5
nm×5 nm) of the cleaved surface made by K atoms, mea-
sured with V = 50 mV, and I t = 50 pA. The blue dots here
represent the simulated positions of the remaining K atoms.
(c) Set of tunneling spectra measured at different temperature
with offsets. A sharp peak of dI/dV appears at about -3.8
mV. (d) Schematic of the K atoms at the top layer and the
Fe atoms beneath the surface layer. (e) Distribution of the
vHs peak positions based on a statistics on about 300 STS
measured on a 200 nm×200 nm surface at 1.5K. The solid
lines shows a Gaussian fit to the distribution.
sured at 1.5, 5, 10 and 20 K in a defect-free area. One
can clearly observe a strong and sharp peak at about -3.8
mV. The spectra exhibit an asymmetric behaviour, with
more contribution from the occupied states, which is con-
sistent with situations where the electronic structure is
dominated by hole bands23–25. Through numerous sub-
sequent measurements, we confirm that this type of STS
spectrum is a typical one on the cleaved surface, although
the peak position is slightly dependent on the measure-
ment position. The statistics on the peak positions of
about 300 measured spectra displayed in Fig. 1(e) show
clearly that the peak locates between around 4.5 to 2.5
meV below EF. The appearance of such a sharp peak
of dI/dV near EF strongly indicates that there should
be one or more very flat bands slightly below EF. From
earlier ARPES data23, we can conclude that this cannot
appear on anyone of the hole Fermi surface sheets near
the Brillouin zone (BZ) centre, the Γ (or Z) point. Using
our refined ARPES data and simulations, we will demon-
strate later that this peak is due to a two-dimensional
vHs. From the temperature evolution of the STS, one
can see that the peak remains but is slightly broadened
above the superconducting transition temperature. Ac-
tually, the STS profile at low temperature has a sharp
3FIG. 2: (color online) (a) Fermi surface intensity map
recorded with 56.5 eV photons (corresponding to kz = pi).
The energy window for integration is 5 meV. The blue curves
represent the Fermi surfaces. (b,c) ARPES intensity plot
along two mutually perpendicular cuts labelled with #1 (pur-
ple dashed line) and #2 (red dashed line) in(a), correspond-
ing to the Z-A symmetry line and the (0.5pi/a, ky) line. The
electron- and hole-like bands along these two cuts indicate a
saddle point at V(0.5pi/a, 0). The insets show MDCs cross-
ing the V point, in the regions emphasized by dashed blue
boxes. The orbital characters of the d bands given in (b) are
determined from the photon polarization dependence of the
ARPES spectrum. Here SS refers to a surface state. (d) En-
ergy distribution curve through the saddle point, indicated as
the cyan dashed line in (b) and (c). It is fitted with the asym-
metrical line shape proposed in Ref.26, which is multiplied by
the Fermi-Dirac function.
peak at about -3.8 mV with a partially-gapped feature
near EF. Because the energy window shown in Fig. 1(c)
is too wide and the data acquisition step is relatively large
for this spectrum, one cannot really see a superconduct-
ing gap near zero bias energy, but rather a kink. Later
we will show that this partially-gapped feature (with ∆
≈ 1.0 mV) disappears above T c ≈ 3.6 K, manifesting
that it corresponds to the superconducting gap.
Figure 2 shows the ARPES spectra of KFe2As2 mea-
sured at 7 K. Regardless of the inner band attributed
earlier to a surface state24, we observe three hole-like
pockets around the zone centre, as illustrated by cut 1
displayed in Fig. 2(b). In contrast to the Fermi surfaces of
moderately K-doped BaFe2As2 and most of the 122-type
iron-pnictides, there is no electron-like pocket at the M
(or A) point in KFe2As2. Instead, petal shaped hole-like
pockets are found, as shown in Fig. 2(a), which shows the
FS intensity map at the kz = pi plane. This unique FS
topology is consistent with previous studies23,24. A Lif-
shitz transition occurs in the (Ba,K)Fe2As2 system upon
hole-doping25, which may be responsible for the change
of pairing symmetry from s-wave to d -wave claimed from
thermal conductivity data15.
We now focus our attention to the V(pi/2,0) point, lo-
cated half-way between the Γ and M points (or between
the Z and A points in the kz = pi plane). We show
in Figs. 2(b) and 2(c) two mutually perpendicular cuts
passing through V, as indicated in Fig. 2(a). While the
band indicated in purple in Fig. 2(b) is electron-like with
a bottom at V, the band dispersion in the perpendicular
direction (cut 2), given in Fig. 2(c), is hole-like with a
maximum at V. This observation is also quite clear from
the momentum distribution curves (MDCs) in the insets
of Fig. 2(b) and 2(c). As a result, there is a saddle point
just below EF at the V point. Since a large portion of this
band is of dxy orbital character with almost no disper-
sion along kz, this saddle point is quite two-dimensional
and should produce a logarithmically divergent vHs, thus
naturally explaining the strong peak in the STS spectra
[Fig. 1(c)]. Indeed, as shown in Fig. 2(d), a peak in the
EDC (energy distribution curve) at the V point located
a few meV below EF is observed by ARPES, almost at
the same energy as the DOS peak observed by STS. The
EDC curve is also fitted with the asymmetrical lineshape
proposed in Ref. 26, which is multiplied by the Fermi-
Dirac function. We caution that the vHs observed at
the V point is fundamentally different from the tops and
bottoms of bands that have been proposed previously to
play a role in iron-based superconductivity27, the latter
can also be called as a vHs in a general terminology.
In Fig. 3, we illustrate how the STS profile with a vHs
peak and the superconducting gap evolve with tempera-
ture. The STS were taken at a point far away from the
defects. As demonstrated in Fig. 3(a), the vHs peak is
very sharp in the STS spectra measured at very low tem-
peratures, and the superconducting gap is also clearly
visible. With increasing temperature, the superconduct-
ing gap disappears above T c, while the vHs peak remains
but is slightly broadened. Due to this broadening effect,
the peak position shifts from about -3.9 mV to about -5.4
mV when temperature is increased from 0.5 K to 10 K.
In Fig. 3(b), we overlap two STS spectra measured at T
= 0.5 K and 4.0 K, respectively, in a narrow energy win-
dow. We clearly observe a superconducting gap on the
curve measured at 0.5 K. Worthy of noting is that the
two spectra have quite similar background, with a vHs
peak in both the superconducting and the normal states.
From the raw data in Figs. 3(a) and 3(b), we find that
the loss of DOS due to superconductivity at low temper-
ature is quite limited. To evaluate the gapped DOS, we
divide the STS spectrum measured at T = 0.5, 1 and 2
K by that recorded at T = 4.0 K. This leads to a clear
gapped feature, but with a quite high ungapped DOS
near EF, as shown in Fig. 3(c). The anomalous peaks at
around -4 meV in Fig. 3(c) is induced by the variation of
the vHs with temperature, which is not the focus here.
From the normalized data of STS at 0.5 K, we deter-
4FIG. 3: (color online) (a) STS spectra measured from 0.5 K
to 10 K with offsets. One can see that the vHs peak and the
superconducting gap are both observed at low temperatures.
Above T c, the superconducting gap disappears but the vHs
peak remains and gets slightly broadened. (b) STS spectra
measured at T = 0.5 K and 4 K. The background of the
two spectra look very similar. (c) STS spectrum measured at
T = 0.5 K, 1.0 and 2.0 K divided by that measured at T =
4.0 K. A superconducting gap with ∆ ≈ 1 meV can be clearly
seen, but the depleted DOS due to the superconducting gap
is very small, leading to a large ungapped contribution arising
from the vHs.
mined a gap value of about 1 meV. The laser ARPES28
data show several anisotropic gaps with gap maximum
of 1 meV on the inner hole Fermi pocket around Gamma
point at 2 K. The exact gap value from the STS spectra is
influenced by the gap structure and magnitude, and usu-
ally smaller than the value determined by the distance
between two coherence peaks, so the gap value from two
kinds of measurements are comparable. The suppression
of the DOS at zero energy due to superconductivity is
about 20%, thus leaving the major part of the DOS at
EF ungapped. Similar spectra have been observed and
repeated as always at other locations distant away from
the defects, which suggests that this ungapped DOS is
not due to impurity scattering. An additional argument
for us to rule out the impurity scattering as the cause
for the ungapped DOS is that the sample is very clean
with a very large RRR. In contrast to our expectation,
the superconducting gap feature becomes already weak
when it is measured at 2 K. In conventional supercon-
ductors with s-wave gaps, the gap features are still very
clear when measured at about t=T c/2. This can be self-
consistently explained by the fact that in the tempera-
ture range investigated here the system contains a dilute
superfluid density and a large number of unpaired elec-
trons.
In Fig. 4(a), we show a three-dimensional representa-
FIG. 4: (color online) (a) Three-dimensional representation
of the band dispersion around the saddle point fitted from the
ARPES data. (b) Comparison between the calculated DOS
obtained from ARPES band dispersions and the DOS mea-
sured from STS experiments. The STS spectrum (green line)
has been shifted up by 0.05 for clarity. (c) Upper panel: Inten-
sity plot of log(1/|∇kE|) derived from the ARPES experimen-
tal band dispersion, which corresponds to the k-dependent
contributions to the DOS. We integrate this quantity within
±5 meV from the saddle point. A bright spot corresponding
to high DOS is observed at each V location. Lower panel:
Energy contour at the binding energy of the saddle points
(dashed curves) on the image of the extended s-wave gap func-
tion . The saddle points are exactly located at the nodal lines
marked by the white band.
tion of the energy band near V with the saddle point
fitted from the ARPES data with the two-dimensional
tight-binding-like bands. For each band, we integrated
in the kx-ky 2D Brillouin zone and added them together
to get the calculated DOS. We convoluted the DOS with
a Gaussian function (FWHM 8 meV) to simulate the ex-
perimental resolution. We also calculated a DOS curve
without the contribution from the vHs related band. Fig-
ure 4(b) compares the calculated DOS obtained from
ARPES band dispersions and the measured DOS from
STS measurements, and a remarkable similarity between
the two DOS curves is observed. Interestingly, we note
that approximately 80% of the states at EF in our calcu-
lated DOS originate from the four saddle points within
one BZ. Since 80% of the states at EF measured by STS
are ungapped, it is reasonable to assume that the vHs
and its vicinity in the momentum space are mostly un-
gapped. To visualize the distribution of the DOS in the
BZ, we plot 1/|∇kE| using a logarithmic scale in the up-
per panel of Fig. 4(c). We integrate this quantity within
±5 meV from the saddle point for this plot. A bright
spot is observed at each V location, with the intensity
several orders of magnitude higher than anywhere else.
IV. DISCUSSION
The existence of a strong vHs in KFe2As2 is quite strik-
ing and may offer a consistent explanation to many sur-
5prising properties previously observed in this material.
First, the existence of the four vHs points naturally ex-
plains the large enhancement of the Sommerfeld coeffi-
cient in the normal state19. One can see that there is a
turning point of electronic specific heat C e/T just at 0.5
K, below which a sharper drop appears. This is consis-
tent with our observation that the large DOS at EF is
contributed by the vHs but it is ungapped at and above
0.5 K. Therefore, one can naturally conclude that the vHs
plays only a passive role and is not the driving force of the
pairing. Our results are also qualitatively consistent with
de Haas van Alphen measurements suggesting that the
highest DOS is coming from the most outer Fermi surface
around the Γ point, namely the β Fermi surface as de-
fined in our paper29, while the largest superconducting
gap appears at the inner hole pocket28. It is also im-
portant to note that heavy mass has been reported30,31
in TlNi2Se2, which is isostructural to KFe2As2 and for
which ARPES also revealed a vHs near EF. In addition,
the observation of the gapless behaviour in the DOS near
the vHs explains the origin of the nodal gap observed in
this material14–17. Finally, the unusual pressure depen-
dence of superconducting transition temperature18 can
possibly be understood as a Lifshitz transition associated
with the vHs. We note that such a Lifshitz transition will
not change the Fermi surface volume by much since both
Fermi surface sheets connected by the vHs are hole-like.
Since there is no superconducting gap contributed from
the vHs point, the observed T c minimum under pres-
sure can be consistently interpreted as correlated with a
Lifshitz transition.
Our observation of the low-energy vHs in KFe2As2 may
have even more profound implications to the interplay be-
tween the vHs and superconductivity because such kind
of vHs may enhance the instability towards supercon-
ductivity with unconventional pairing symmetries. Our
data provide a strong constraint on the candidates of pos-
sible emergent pairing symmetries due to the vHs. De-
spite the high DOS near EF due to the vHs, this DOS is
however not gapped at a temperature of 0.5 K, which
is already quite low compared with T c. This is cer-
tainly counter-intuitive to the pairing mechanism based
on the weak coupling picture because according to that
scenario the superconducting gap can be expressed as
∆sc ∼ exp(−1/NFVint), with DOS NF at the Fermi en-
ergy, Vint the pairing interaction mediated by exchanging
bosons. Therefore it is difficult to accept a simple mech-
anism based on the weak coupling picture for the pairing.
In addition, two candidates for the gap symmetry have
been popularly proposed in KFe2As2. One is the dx2−y2
wave argued earlier18 and the other is px+ipy , which is
possible because of the existence of the four type-II vHs
points in one BZ4,5. Unfortunately, both pairing symme-
tries are inconsistent with our data because the supercon-
ducting gaps at the vHs point should be enhanced in both
cases. However, our results are consistent with the sce-
nario in which the s± pairing remains robust and unaf-
fected by the vHs in such a heavily hole-doped material if
we consider that the corresponding leading gap function
is coskxcosky
11,32, which has nodal lines going through
the four vHs points, as illustrated in Fig. 4(c). Although
the vHs occurs at about -3.8 meV from the Fermi en-
ergy, but it is quite close to the latter, the finite broad-
ness of the band dispersion can still give a finite DOS at
EF , which contributes the ungapped DOS near the mo-
mentum V point when the gap function is coskxcosky.
This scenario is further supported by our earlier ARPES
superconducting gap measurements in Ba0.1K0.9Fe2As2
(T c = 9 K)
25. If we assume that the vHs induces an ad-
ditional unconventional pairing that coexists with the s±
pairing, the likely candidate is dxy, which also has nodal
lines going through the four vHs points.
V. CONCLUSIONS
In summary, we perform STS and ARPES studies on
the iron-based superconductor KFe2As2. Our observa-
tion of a pronounced vHs with large ungapped DOS in
the vicinity of EF in KFe2As2 points to the importance
of the strong coupling mechanism. This work not only
posts new challenges for the theoretical understanding
of the interplay between vHs and superconductivity, but
also adds new ingredients and new physics to the already
rich properties of the iron-based superconductors.
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